We present a spectrally encoded photoacoustic microscope based on a digital mirror device (DMD). It enables fast spatially resolved spectral measurements of optical absorption. The imaging system can quickly tune the laser illumination spectrum at the laser pulse repetition rate of 2 kHz. To demonstrate multi-wavelength absorption measurements, we imaged optically absorbing solution phantom. Compared with spectral scanning, spectral encoding recovers chromophore absorption spectra with improved accuracy by enhancing photoacoustic amplitude signal-to-noise ratio.
INTRODUCTION
Multiwavelength photoacoustic (PA) imaging provides in vivo label-free measurement of the optical absorption of fluorescent or non-fluorescent molecules [1, 2] . By tuning the laser illumination wavelength, i.e. spectral scanning, optical absorption spectra is acquired by PA amplitude. The current laser systems, such as the dye laser, Ti-sapphire laser or OPO laser, make it inherently difficult to tune the wavelength quickly enough for PA imaging [3] [4] [5] . Fast wavelength tuning can reduce the time it takes to acquire a stack of multi-wavelength PA images so that spectraresolvable dynamic processes can be imaged. Moreover, it can mitigate the motion artifacts for in vivo PA imaging.
To speed up multiwavelength PA imaging, we developed spectrally encoded PA microscopy based on a digital mirror device (DMD) [6] . The system utilizes a DMD to multiplex the illumination wavelengths from a broadband light source, a laser pumped dye cell. By switching the wavelength at the laser pulse repetition rate, it is capable of fast quantitative spectroscopic measurement. Moreover, with Hadamard spectra encoding, the absorption spectra can be recovered with improved accuracy. When signal to noise ratio (SNR) is low, the spectral encoding strategy of absorption measurement can take full advantage of the wide illumination spectrum. Thus the PA imaging system can be made compact and inexpensive with a laser pumped dye cell, a photonic crystal fiber laser [7] and a laser diode array [8] .
METHOD

Spectral PA microscope based on a DMD
A schematic of the spectrally encoded PA imaging system is shown in Fig. 1 . A Nd:YLF laser (INNOSLAB, Edgewave) pumped laser dye cell provides broadband illumination [9] . The circulating dye cell contains a mixture of Rhodamine 6G and Rhodamine B ethanol solution as a laser dye solution to extend the lasing wavelength range. A broadband laser
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Grating beam with an emission wavelength range from 570 nm to 590 nm emerges from the ends of the dye cell. The laser pulse duration is 7 ns. The laser pulse repetition, the data acquisition and the x-y scanning are synchronized at ~2 kHz. The collimated light beam is dispersed through a transmission diffraction grating (600 lines/mm blazed at 560 nm, Wasatch Photonics) and imaged onto the surface of the digital mirror device (DLP Discovery 4100, Texas Instruments) with a cylindrical lens of 300 mm focal length. The broadband illumination has a line dispersion of 5.5 nm/mm on the DMD surface. The digital mirror device has 1024×768 microscopic mirrors which can be individually tilted ±12º, to an on or off state. Each column of the DMD mirrors corresponds to a different wavelength. By changing the mirror pattern, the illumination wavelengths are selected. The laser light of selected wavelengths is spatially recombined by another set of cylindrical lens and diffraction grating, and then is directed to the multi-wavelength PA imaging system. The broadband emission spectra are encoded at the laser pulse repetition rate. Thus multi-wavelength PA measurement is performed at 2 kHz. The PA imaging system consists of a microscopic objective and an ultrasonic transducer [10, 11] , which are confocally and co-axially aligned. Two-dimensional raster scanning of the imaging object constructs a three-dimensional image of optical absorption within the tissue. 
Spectrally encoded PA measurements
We used a set of one-dimensional (1D) Hadamard sequences as the wavelength multiplexing pattern in the same way as in Hadamard spectroscopy. Instead of irradiating the sample with a light beam at a single wavelength, many wavelengths can be selected at the same time using the digital mirror device. If a broadband light source of constant output pulse energy is used, the signal-to-noise ratio for multi-wavelength photoacoustic imaging can be improved by encoding the optical illumination spectrum in comparison to filtering for one wavelength at a time. The 2D DMD encodes the 1D Hadamard imaging pattern by alternating mirrors' on and off states in a column-wise manner. A set of 15-element Hadamard sequences were used to encode the 15 wavelengths. The DMD sequentially loaded the 15 Hadamard encoding pattern and recorded the corresponding PA signal amplitude at each laser pulse. A stack of spectrally encoded PA images was acquired to recover the optical absorption spectrum [12, 13] . The spectrally encoded PA absorption measurements can be described by a linearly independent set of equations (Eq. 1). The encoded spectra information was then transformed into the absorption spectra using matrix inversion. 
RESULTS
Phantom measurement
To demonstrate the spectrally encoded PA imaging system's capability of spectroscopic measurement, a red ink aqueous solution of five-fold dilution was imaged. The laser pulse energy is ~3 nJ at 586 nm. The accuracy of the spectral scanning and of the spectrally encoded PA measurement of absorption spectra was compared on the basis of the percent error [7] . Figure 2 shows the PA A-line signals acquired with spectral scanning and spectrally encoding methods. Because of a low SNR, the transient PA peak signal cannot be extracted from the noise. However, the spectrally encoded PA A-line signal has increased SNR by delivering eight wavelengths simultaneously. Unlike traditional optical imaging modalities, the PA imaging acquires a time of flight signal that has depth profiling capabilities. The peak amplitudes of PA signals can be attributed to different internal structures. To extract the optical absorption coefficients, the maximum peak-to-peak amplitudes is used. In Fig. 3 , the optical absorption coefficients measured by spectral scanning are compared with those recovered by spectrally encoded PA measurements. The spectrally encoded PA measurements recovered the absorption coefficients over the range of wavelengths from 574 nm to 586 nm, with less than 3% error. However, the spectral scanning PA measurement showed > 16% error. The error increases above 583 nm and below 577 nm where the laser pulse energy was relatively low. This is explained by the low PA signal SNR. The mathematical model of the maximum peak to peak amplitude was not proportional to the optical absorption coefficients. 
